This study evaluated the potential of trees planted around commercial poultry farms to trap ammonia (NH 3 ) and dust or particulate matter (PM). Norway spruce, Spike hybrid poplar, hybrid willow, and Streamco purpleosier willow were planted on five commercial farms from 2003 to 2004. Plant foliage was sampled in front of the exhaust fans and at a control distance away from the fans on one turkey, two laying hen, and two broiler chicken farms between June and July 2006. Samples were analyzed for dry matter (DM), nitrogen (N), and PM content. In addition, NH 3 concentrations were measured downwind of the exhaust fans among the trees and at a control distance using NH 3 passive dosi-tubes. Foliage samples were taken and analyzed separately based on plant species. The two layer farms had both spruce and poplar plantings whereas the two broiler farms had hybrid willow and Streamco willow plantings which allowed sampling and species comparisons with the effect of plant location (control vs. fan). The results showed that NH 3 concentration h −1 was reduced by distance from housing fans (P ≤ 0.0001), especially between 0 m (12.01 ppm), 11.4 m (2.59 ppm), 15 m (2.03 ppm), and 30 m (0.31 ppm). Foliar N of plants near the fans was greater than those sampled away from the fans for poplar (3.87 vs. 2.56%; P ≤ 0.0005) and hybrid willow (3.41 vs. 3.02%; P ≤ 0.05). The trends for foliar N in spruce (1.91 vs. 1.77%; P = 0.26) and Streamco willow (3.85 vs. 3.33; P = 0.07) were not significant. Pooling results of the four plant species indicated greater N concentration from foliage sampled near the fans than of that away from the fans (3.27 vs. 2.67%; P ≤ 0.0001). Foliar DM concentration was not affected by plant location, and when pooled the foliar DM of the four plant species near the fans was 51.3% in comparison with 48.5% at a control distance. There was a significant effect of plant location on foliar N and DM on the two layer farms with greater N and DM adjacent to fans than at a control distance (2.95 vs. 2.15% N and 45.4 vs. 38.2% DM, respectively). There were also significant plant species effects on foliar N and DM with poplar retaining greater N (3.22 vs. 1.88%) and DM (43.7 vs. 39.9%) than spruce. The interaction of location by species (P ≤ 0.005) indicated that poplar was more responsive in terms of foliar N, but less responsive for DM than spruce. The effect of location and species on foliar N and DM were not clear among the two willow species on the broiler farms. Plant location had no effect on plant foliar PM weight, but plant species significantly influenced the ability of the plant foliage to trap PM with spruce and hybrid willow showing greater potential than poplar and Streamco willow for PM 2.5 (0.0054, 0.0054, 0.0005, and 0.0016 mg cm −2 ; P ≤ 0.05) and total PM (0.0309, 0.0102, 0.0038, and 0.0046 mg cm −2 , respectively; P ≤ 0.001). Spruce trapped more dust compared to the other three species (hybrid willow, poplar, and Streamco willow) for PM 10 (0.0248 vs. 0.0036 mg cm −2 ; P ≤ 0.0001) and PM >10 (0.0033 vs. 0.0003 mg cm −2 ; P = 0.052). This study indicates that poplar, hybrid willow, and Streamco willow are appropriate species to absorb poultry house aerial NH 3 -N, whereas spruce and hybrid willow are effective traps for dust and its associated odors.
Keywords: Picea abies; Populus deltoides × Populus nigra; Salix matsudana × Salix alba; Salix purpurea; leaf nitrogen; leaf dry matter; commercial poultry farms; ammonia; particulate matter.
Introduction
The increasing scale of confined livestock production to supply more dietary protein has resulted in greater amounts of animal waste, the main precursor of gases and odors on the farm. An earlier study by Jones et al. [1] showed that among several gases [carbon dioxide (CO 2 ), carbon monoxide (CO), hydrogen sulfide (H 2 S), nitrogen dioxide (NO 2 ), NO x , methane (CH 4 ), mercaptan, formaldehyde, hydrocarbons, and ammonia (NH 3 )] measured in confinement poultry houses, NH 3 was the major contaminant present at average airborne concentrations of 25 ppm. Dust was the second airborne substance of concern with a total concentration of 4.4 mg m −3 and respirable fraction of 0.24 mg m −3 , followed by bacteria (1.5 × 10 5 colony-forming units [cfu] m −3 ) and fungi (1.0 × 10 4 cfu m −3 ). [1] When discharged from exhaust fans of poultry and livestock housing these hazardous emissions may have environmental impacts not only to the ecosystem near the source but also at distances from the source depending on fan speed and climatic conditions. [1−3] Respiratory dysfunction among farm workers from dust and ammonia exposure have been documented by Donham et al. [4] Odors adhering to the farm emissions have also been an increasing nuisance to neighbors. [5] In the atmosphere, aerosol particulates formed by NH 3 with other gases are deposited and may cause further acidification of the land and eutrophication of surface water. [3, 6] The United States Environmental Protection Agency (USEPA) [7] in April 2005 issued a revised report listing poultry feeding operations as the major contributor to atmospheric NH 3 from animal agricultural activities. This further suggests that efforts should be explored to mitigate poultry emissions.
Attempts at reducing farm emissions downwind of exhaust fans on livestock farms have included using bioscrubbers or filter walls, [8−10] which can be relatively costly. Another method that has been increasingly studied is the use of a vegetative shelter belt to capture farm emissions. [11−13] One concern associated with using vegetative shelterbelts is the impact of long term exposure to NH 3 and particulates on plant survival. Foliar injury in Sitka spruce and Scots pine adjacent to livestock farms has been reported by Pitcairn et al. [14] These authors [14] also found natural selection of vegetation downwind of the fans where nitrophillic plant species dominated the landscape. As long as plants were exposed to NH 3 levels below critical concentrations which could cause injury to the foliage, [6] aerial NH 3 may actually stimulate plant growth. The uptake of aerial NH 3 by plant foliage is possible via the glutamine synthetase and glutamate synthase pathways which allows stomata mesophyll cells to incorporate N. [15] However, few studies have reported the potential of plant foliage to trap farm dust or particulate matter (PM), which are EPA [16] regulated emissions (e.g. PM 2.5 and PM 10 with aerodynamic diameter of 2.5 and 10 µm, respectively). Malone [12] reported that air speed was reduced by 99%, dust by 50 to 53%, and NH 3 by 29 to 67% at a distance 14.6 m downwind of the tunnel fans of a roaster house beyond three rows of trees including cypress and red cedar. However, this work did not describe specific PM fractions trapped by different plant species.
In the last three years we have measured the capacity of plants to trap NH 3 in environmentally controlled chambers [17] or downwind of the exhaust fans of a layer house on our Penn State University research farm [18, 19] with positive results. One study demonstrated the capacity of plants to buffer fan NH 3 emissions and to trap PM at distances from 2.5 to 50 m downwind of the fans. [19] Recently Patterson et al. [20] also measured the effectiveness of plants in capturing airborne NH 3 on commercial poultry farms in Pennsylvania. The study reported here was conducted to validate previous findings and to further evaluate the potential of foliage of different species to reduce aerial NH 3 and trap particulates downwind from commercial poultry farms.
Materials and methods

Study sites
This study included five commercial poultry farms: two broiler farms, two layer farms, and one turkey farm. More (Table 1 ). The distance from the fans to the trees ranged from 11.4 to 17.7 m, and the distance between the rows was approximately 3.0 m. Three replicate foliage samples of the four different species were taken from two to four replicate farms. Foliage samples of Spike hybrid poplar were taken from the two layer farms whereas foliage samples of hybrid willow were taken from the two broiler farms and turkey farm. Foliage samples of Norway spruce were taken from the two layer farms, broiler farm 1, and turkey farm, whereas foliage samples of Streamco purpleosier willow were taken from the two broiler farms and layer farm 2. All the foliage samples were analyzed for N and DM concentration.
Ammonia concentrations were measured using passive dosi-tubes (No. 3D, Gastec Corp., Fukaya 6431, Japan) at 0, 11.4, 15, and 30 m away from the fans among the trees on each farm. The 0 m distance was measured at the fan surface and the 30 m distance was considered the control. Two dositubes were used at each location of NH 3 measurement and each was attached to a 1.5-m high steel post downwind and facing the fans (see Fig. 1 , example farm [20] ). The tubes were read after 4 to 8 h and concentrations were expressed in ppm h 
Foliage sampling and analyses
All foliage sampling was conducted in June and July 2006 at two locations, near the fans (11.4 to 17.7 m) and at a control distance away from the fans (the closest was 40 m) ( Fig. 1) . Foliage samples were sent to the PA State Agricultural Analytical Services Laboratory for total nitrogen (N) and dry weight analysis. The dry matter (DM) of foliage was calculated from the difference of fresh and dry weight over the fresh weight and presented as a percentage value.
Gravimetric analyses
Fresh foliage samples were packed in bottles on ice and shipped overnight to the Department of Natural Resource Ecology and Management Laboratory at Iowa State University for analysis of particulate matter (PM) weight per foliage area (mg cm −2 ). Branch samples were placed in flasks, and filtered (0.45 µm pore diameter) water was used to rinse the collection bottles and the rinse water was added to the corresponding flask. A 0.02% hepamethyltrisiloxane surfactant solution was created by adding 0.095 mL of the surfactant to each flask and bringing the flask to 500 mL with filtered water. The stoppered flasks were placed in a refrigerator and the samples were allowed to soak for 24 h. The flasks were then placed on a rotational shaker at 200 rpm for 2 h. Each sample was then removed from the flask and rinsed over a funnel using filtered water. The samples were sprayed vigorously, on all sides, allowing the water to collect in the flasks. The resulting solutions were then successively filtered through three pre-weighed, size-selective filters with 1000 µm, 25 µm, and 0.45 µm pore sizes. The filters were dried for 1 h at 105
• C, cooled for 15 min, and then re-weighed on a digital microbalance.
Leaf area determination and calculation of particulate load
Leaf area was determined for each vegetative sample. For cylindrical samples, the plant parts were scanned to create digital images. These images were analyzed using Rootedge R software [21] to obtain an area measurement for each sample. For non-cylindrical samples, a LiCor (LI-3100C) meter was used to obtain leaf area measurements. Results are reported as the weight PM captured on each filter per surface area of the vegetative sample (mg cm −2 ). Particulate matter filtered from 0.45 µm pore filters was designated as PM 2.5 , the PM with aerodynamic equivalent diameters of less than or equal to 2.5 µm. Particulate matter filtered from 25 µm pore filters was designated as PM 10 , with aerodynamic equivalent diameters of less than or equal to 10 µm. Particulate matter filtered from 1000 µm pore filters was designated as PM >10 , again with PM aerodynamic equivalent diameters of greater than 10 µm. Total PM was counted as the sum of the three PM categories. [20] ). p 1 -p 3 and s 1 -s 3 are sampling locations for Spike hybrid poplar and Norway spruce respectively downwind of the fans whereas p 4 -p 6 and s 4 -s 6 are sampling locations of the respective species at control distances from the fans. The distance from the fans to p 1 -p 3 is 13.5 m and to closest control foliage sampling point (p 4 ) is 40 m. N 1 -N 3 are locations for ammonia measurements at 0, 11.4, and 15 m downwind of the fans whereas N 4 is the location for control ammonia measurement at 30 m away from the fans. The three circles adjacent to the hen houses represent feed bins. the effects of plant location (control vs. fan) and species (Norway spruce vs. Spike hybrid poplar) on foliar DM and N on the two layer farms. Model 2 was used with a 2 × 5 factorial design to analyze the effect of plant location (control vs. fan) and species (to compare Norway spruce, Spike hybrid poplar, hybrid willow, and Streamco purpleosier willow) on foliar PM. All the data were subjected to a one-way (Model 1) or two-way (Model 2) ANOVA using Proc GLM of SAS followed by the Tukey-Kramer test [22] to distinguish means that showed significance at P ≤ 0.05. The two mathematical models are described below:
Statistical models
where X ij or X ijk is the observed value, µ is the overall mean, L i is the i-th location (for foliar DM and N analysis of individual plant) or the i-th distance from the fans (for aerial NH 3 analysis), S j is the j-th species, and ε ij or ε ijk is the residual error for Model 1 and Model 2, respectively. 
Results
Airborne NH 3
Ammonia concentration was significantly influenced by distance from the exhaust fans (P ≤ 0.0001). Ammonia concentration was the highest at 0 m (12.01 ppm h −1 ), and lower at 11.4 (2.59 ppm h −1 ), 15 (2.03 ppm h −1 ), and 30 m (0.31 ppm h −1 ) (Fig. 2) .
Plant foliar N and DM
Foliar N and DM for plant species was pooled from replicate farms ( Fig. 3 and 4) . Greater concentrations of foliar N were measured for plants sampled near the fans compared with those sampled away from the fans for both Spike hybrid poplar (3.87 vs. 2.56%; P ≤ 0.0005) and hybrid willow (3.41 vs. 3.02%; P ≤ 0.05) (Fig. 3) . The same numerical trend in foliar N was observed with proximity to the fans for Norway spruce (1.91 vs. 1.77%; P = 0.26) and Streamco purpleosier willow (3.85 vs. 3.33; P = 0.07).
Pooling the data from all five farms and four species showed significantly greater N concentration (22%) for the foliage sampled near the fans compared with foliage from plants at a control distance away from the fans (3.27 vs. 2.67%; P ≤ 0.0001). However, the effect of plant location (fan vs. control) was not observed for foliar DM with levels of 44.3 vs. 43.0% (Spike hybrid poplar), 62.6 vs. 59.6% (hybrid willow), 44.2 vs. 39.5% (Norway spruce), and 54.2 vs. 51.8% (Streamco purpleosier willow) (Fig. 4) . While a similar trend was observed for all species, the pooled results from all farms (51.3 vs. 48.5%) were not significantly different. The impact of plant location and species on foliar DM and N (%) were measured and compared on multiple farms. On layer farms 1 and 2, both poplar and Norway spruce were available to evaluate location, species, and their interaction ( Table 2 ). Both foliar DM and N were significantly greater among plants near the fans (P ≤ 0.0001), and species differences showed much greater N (1.7-fold) and DM (1.1-fold) holding capacity for Spike hybrid poplar compared to Norway spruce. The interactions were also highly significant, showing the importance of both plant location and species. When plant location and species (hybrid willow and Streamco purpleosier willow) were compared on broiler farms 1 and 2, no significant differences were detected for foliar DM and N (%) ( Table 3) . Neither were there any significant interactions, although similar trends to those noted previously were associated with plant location. Plant location had no significant effect on PM fractions (Table 4) . However, there was a significant species influence on the capacity of the plant to trap particulates, with Norway spruce holding 5-fold more PM 10 and 3-fold greater total PM than hybrid willow, and more than 6-fold greater than Spike hybrid poplar or Streamco purpleosier willow. Also, the interaction between location and plant species indicates (P ≤ 0.10) that for Norway spruce, plants near the fans can hold almost 7-fold greater total PM than control plants.
Discussion
Reduced aerial NH 3 downwind of poultry exhaust fans with greater distance observed in the present study corroborates the previous findings of this group and others. [14, 18, 19, 23, 24] Ammonia reduction was likely influenced by the presence of vegetation [23] as well as sorption by soil [25, 26] and the fluctuation of the climate [26] around the farm. Ammonia concentration was reduced approximately 78% between 0 and 11.4 m downwind of the fans in the present study. Although labeled NH 3 -N was not used in this work, greater foliar N concentration near the fans suggests entrapment and incorporation of airborne NH 3 by the plants.
Plants located 11.4 to 17.7 m downwind of the fans absorbed more NH 3 -N than those planted 40 m away from the fans. Although the NH 3 concentration downwind of the fans at 11.4 to 30 m was not significantly different (ranging from 2.59 to 0.31 ppm h −1 ), the lower foliar N at 40 m compared to the first row (11.4 to 17.7 m) coincides with the 78% drop in airborne NH 3 . The present study further revealed a higher capacity for deciduous trees (Spike hybrid poplar and the two willow species) over evergreens (Norway spruce) to incorporate NH 3 -N into their tissue. This species-dependent capacity of plants to utilize airborne NH 3 confirms our previous studies where poplar vs. Norway spruce showed a greater foliar N and DM in the face of hen-house exhausts. [20] This pattern was also shown by Streamco purpleosier willow or lilac in comparison with juniper or canaan fir. [18, 19] The location by species effect on foliar N and DM with poplar and Norway spruce may be explained by the rates of tissue metabolism unique to each plant (evergreen vs. deciduous tree). Greater foliar N status of Pinus sylvestris near a hen house was observed by Kaupenjohann et al. [27] among healthy and damaged trees implying that NH 3 exposure is not always an advantage to the plants. The fact that no noticeable injuries were observed among all the plants in the present study at 11.4 to 17.7 m distances suggests not only their capacity to buffer fan emissions but also their ability to apparently benefit from the nutrients therein.
A plant's capacity to hold dust or PM is also different from one species to another. Interestingly the Norway spruce held more PM mass as PM 10 and total PM than the other deciduous trees combined, particularly Spike hybrid poplar and Streamco purpleosier willow. However, hybrid willow (deciduous) had statistically comparable performance with Norway spruce at holding PM 2.5 and total PM. Perhaps needle arrangement or the waxy cuticle of the spruce influenced differences between it and the Spike hybrid poplar and Streamco purpleosier willow. Lin et al. [28] indicated that for odor dispersion, trees with a lower optical porosity, such as conifers, would be more effective than deciduous species. Additionally, plants with greater foliar surface roughness have a higher capacity to hold dust particulates. [13] Leaf surface area between deciduous and evergreens (broad-leaf vs. needle leaf) has been reported to be a factor in the greater capacity of the deciduous trees to absorb NH 3 -N than the conifers. [19] Hybrid willow in the present study emulated the Norway spruce with its capacity to capture PM. The rapid growth of hybrid willow results in a larger silhouette than is typical of Streamco purpleosier willow, and dense leaves and lower porosity relative to Spike hybrid poplar probably enhance its capacity as an effective dust trap.
Conclusions
The capacity of various plant species to trap and benefit from ambient NH 3 around poultry farms has been demonstrated in this study. These findings confirm previous chamber and pot-in-pot field studies with controlled ambient NH 3 . Plant foliage was also found to trap poultry house particulate matter. These findings suggest that planting multiple rows of trees downwind of exhaust fans may help reduce and/or disperse farm emissions, particularly NH 3 and dust. Deciduous trees (Spike hybrid poplar, hybrid willow, and Streamco purpleosier willow) were more effective Downloaded by [National Agricultural Library] at 13:43 19 March 2012 a-b Means in a column with no common superscripts differ significantly (P ≤ 0.05). 1 The values may be slightly different from the sum of PM 2.5 , PM 10 , and PM >10 in each row due to the round of each value to the closest decimal. 2 Standard error of the means, mean of five farms with two ammonia tubes each.
in absorbing airborne NH 3 -N, whereas Norway spruce and hybrid willow were more effective dust traps.
